The fang-like jaws of the marine polychaete Nereis Virens possess remarkable mechanical properties considering their high protein content and lack of mineralization. Hardness and stiffness properties in the jaw tip are comparable to human dentin and are achieved by extensive coordination of Zn 2+ by a histidine-rich protein framework. In the present study, the predominant protein in the jaw tip, NVjp-1, was purified and characterized by partial peptide mapping and molecular cloning of a partial cDNA from a jaw pulp library. The deduced amino acid sequence revealed an ∼38 kDa histidine-rich protein rich in glycine and histidine (∼36 and 27%, respectively) with no well-defined repetitive motifs. The effects of pH and metal treatment on aggregation, secondary structure, and hydrodynamic properties of recombinant Nvjp-1 are described. Notably, Zn treatment induced the formation of amyloid-like fibers.
Introduction
The combination of lightweight construction and robust mechanical properties of invertebrate biting and piercing structures underscores their potential as models for improved synthetic materials. Mechanical properties in these structures exceed those of synthetic polymers and are often comparable to highly mineralized tissues from higher organisms. [1] [2] [3] [4] In stark contrast to mineralized tissues, however, the structural framework of sclerotized "tools" from invertebrates is predominantly organic. Most consist of highly ordered composites of carbohydrate, protein, and polyphenolic compounds, with significant variation in architecture and relative compositions between organisms. [5] [6] [7] The development of novel materials with similar attributes will require a fundamental understanding of the relationship between composition, architecture, and mechanical properties in the parent structures. Significant progress has been made toward the mechanical and structural characterization for several materials, including some jaws and mandibles. 1, 2, 4, 6, [8] [9] [10] However, relatively little is known about the organic components, particularly the structural proteins that make up the scaffolding framework.
We have previously described the relationship between metal content and mechanical properties in the jaws of Nereis Virens, a burrowing polychaete common to the North Atlantic region. 1, 3 The jaws are the worm's primary tools for feeding and defense and, as such, must be optimized for grasping, piercing, and tearing prey in an abrasive environment. Hardness and stiffness properties in the jaw are comparable to human dentin and superior to synthetic polymers. Amino acid analysis indicates that the jaws are composed of roughly 90% (w/w) protein, with a strong compositional bias toward glycine and histidine. 3, 11 The remainder of the jaw is comprised of halogens (∼8%) and Zn ions (∼2%). 12, 13 In undertaking this investigation, we hypothesized the cutting edge of the Nereis jaw (i.e., the tip and serrated distal end) to be composed chiefly of histidine-rich Zn binding proteins. We describe the purification of Nvjp-1, a protein from the distal jaw that contains over 25 mol % histidine. We also describe the effects of pH and zinc treatment on aggregation, secondary structure, and hydrodynamic properties of recombinant Nvjp-1.
ESI-MS/MS was performed on a Micromass QTOF2 tandem mass spectrometer (Waters Corporation, MA) with an electrospray ionization source. Samples were infused by syringe pump into the ESI source at 5 µL/min. Analysis parameters were as follows: capillary potential 3.5 KV, skimmer cone voltage 40 V, mass range 100-2000 m/z, data collection rate of 1 scan/sec with 0.1 s between scans. Argon was used as collision gas at a voltage of 25 V.
Amino Acid Composition Analysis. Samples were hydrolyzed in vacuo at 110°C in 6 M HCl supplemented with 10 µL phenol. Following hydrolysis (24 and 72 h for liquid and solid samples, respectively) samples were washed extensively in Milli-Q water and methanol. Amino acid compositions were determined on a Beckman Coulter 63000 Amino Acid Analyzer using ninhydrin-based postcolumn derivatization as previously described.
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Molecular Cloning. RNA was isolated from the jaw-associated pulp tissue of freshly sacrificed worms by Trizol (Invitrogen, CA) extraction according to the manufacturer's instructions. Approximately 100 µg of total RNA was used to generate double strand cDNA. A cDNA library was made using the CloneMiner cDNA Library Construction Kit (Invitrogen, U.S.A.) according to the manufacturer's instructions. Nvjp-1 clones were identified by PCR using degenerate oligonucleotide primers designed from peptide sequences. Additional sequence was obtained via 5′and 3′ RACE using both BD Smart (Clonetec, CA) and GeneRacer (Invitrogen) kits with nondegenerate primers designed from initial screening trials.
Recombinant Nvjp-1/Protein Expression. A recombinant construct for Nvjp-1 (rNvjp-1) was amplified from Nereis jaw pulp cDNA using the following oligonucleotide primers: (5′) GGATTCCACAACGATG-GTTATGGACATGATGAT and (3′) GAATTCTGTTTCAGTAAACTAAT-GATG (adding BamHI and EcoRI restriction sites to the 5′ and 3′ ends, respectively). Constructs were cloned into the pGEM-Teasy vector (Promega, Madison, WI) for maintenance in TOP10 E. coli (Invitrogen, Carlsbad, CA) and subcloned into the pET28a vector (Invitrogen) for expression in BL23-DE3 cells according to the manufacturer's instructions. Bacteria were lysed by French press in 50 mM sodium phosphate/6 M guanidinium chloride (pH 7.4). Lysate supernatants were applied to a hi-trap metal chelating column (Amersham) charged with ZnCl 2 . Bound protein was eluted with an imidazole gradient (0-200 mM over 15 min), desalted by reverse phase C8 HPLC, lyophilized, and reconstituted in Milli-Q water prior to further analyses. Amino acid composition analysis was used to confirm the identity of the purified product and for protein quantification. Note that the pET28a vector encodes a short N-terminal peptide sequence which includes a His 6 -tag and a thrombin cleavage site. Initial solubility and fibrillization tests did not reveal any differences between intact rNvjp-1 and rNvjp-1 following thrombin treatment and purification. Therefore, intact rNvjp-1 was used in all subsequent experiments.
Nvjp-1 Solubility. Aliquots of rNvjp-1 (20 µM in Milli-Q water) were mixed with an equal volume of the appropriate buffer and incubated for 12 h at 25°C. Above pH 7, a flocculent precipitate formed immediately following pH adjustment but cleared within 3 h. For metaltreated samples, ZnCl 2 was added to rNvjp-1 prior to mixing with buffer (final Zn/ protein ratio ) 20). Following incubation, samples were centrifuged for 30 min at 17000 × g and the supernatant collected for further analysis. The soluble fraction was determined by normalizing the absorbance at 280 nm of each sample to that of centrifuged, unbuffered rNvjp-1. Solubility was tested in 50 mM sodium phosphate (pH 4.5-9.5), 20 mM HEPES (pH 6.0-8.0), and Tris acetate (pH 5.0-9.0). For ZnCl 2 studies, solubility was measured in 20 mM HEPES ( 100 mM NaCl (pH 8).
ATR-FTIR Spectroscopy. IR spectra were collected on Nicolet Magna 850 infrared spectrometer in 50 mM sodium phosphate/100 mM NaCl buffer prepared with deuterium oxide (final protein concentration ) 0.5 mg/mL). Data were collected using an attenuated total reflectance (ATR) device equipped with a ZnSe crystal. A total of 128 scans were taken at a resolution or 4 cm -1
. Fourier self-deconvolution was applied to increase spectral resolution in the amide I′ region (1600-1700 cm -1 ) as described by Byler et al. 21 Origin software (OriginLab Corporation, Northampton, MA) was used to quantify structural components using a least-squares curve fitting assuming Gaussian peak shapes with peak centers determined from second derivative spectra. Analytical Ultracentrifugation. Sedimentation velocity studies were carried out in a Beckman model XL-A analytical ultracentrifuge using absorbance optics at 230 nm. The buffer conditions were 10 mM Tris acetate, 100 mM NaCl at pH 5.5 and 8. Initial runs were conducted at 3000 rpm to resolve high molecular mass aggregates. Extended runs were performed at 45000 rpm (pH 8) and 60000 rpm (pH 5.5) at 20°C
. Sedimentation coefficients were calculated in SEDFIT either by (i) assuming a single weight average frictional coefficient (f/f o ) for all species (i.e., c(s) distribution) or by (ii) assuming a two-dimensional distribution of sedimentation and frictional coefficients (i.e., c(s,f/f o )). 22, 23 Buffer density and viscosity were fixed at 1.005 g/cm 3 and 0.0102 Poise, respectively. Based on the amino acid sequence, the partial specific volume of rNvjp-1 was estimated to be 0.728 cm 3 /g. For c(s) calculations, the frictional ratio was allowed to float. Confidence levels used were 95%.
Atomic Force Microscopy. rNvjp-1 (20 µM in Milli-Q water) was diluted 1:2 with the appropriate buffer and incubated for 3 h at room temperature. A small aliquot was spotted onto a freshly cleaved mica disk and allowed to incubate for ∼30 s prior to rinsing by immersion in Milli-Q water. Samples were partially dried under a gentle stream of nitrogen. For metal treated samples, rNvjp-1 was mixed with 0.1 volume ZnCl 2 solution to yield final Zn/protein ratios of 1, 5, 10, and 20 prior to buffer addition. Samples were imaged using a Multimode AFM with a Nanoscope V controller (Veeco Metrology, Inc., Santa Barbara, CA). All images were collected under ambient conditions in tapping mode using OTESPA silicon nitride cantilevers.
Results
Figure 1A depicts a worm with its proboscis extended and jaws exposed. Amino acid composition of intact Nereis jaws is dominated by relatively few residues, with significant contributions from glycine and histidine. 3, 12 As demonstrated previously and summarized here, amino acid distribution is asymmetric in the jaw. This is most apparent with histidine and alanine, which exhibit opposing gradients from tip to base. ( Figure 1B ) The variance in amino acid distribution suggests that (i) Nereis jaws are composed of at least two compositionally distinct proteins and (ii) the histidine-rich component is more abundant in the jaw tip.
To further characterize the composition of structural proteins in the jaw, pooled jaws (n ) 1000) were pulverized and extracted with 5% (v/v) acetic acid/8 M urea. Less than 20% the jaw mass was extractable (even with repeated extractions). Table 1 compares amino acid compositions of bulk jaw powder before and after protein extraction. Compositions were also determined for jaws (n ) 100) that had been sectioned into tips and bases prior to pulverization. Overall, values for most residues were similar between soluble and insoluble fractions, suggesting that compositions were comparable. Surprisingly, histidine levels were reduced in the insoluble fractions of whole jaws and, to a lesser extent, in the jaw tips. The implications of this observation are discussed below.
Nereis jaw extracts were analyzed by acid urea (AU) and SDS-PAGE. Coomassie staining revealed multiple proteins in jaw extracts with one major component, referred to here as Nvjp-1 (N. Virens jaw protein-1; Figure 1D , lane 1). Although Nvjp-1 was present globally, it was significantly enriched in tip extracts where it was the predominant component (lanes 2 and 3). Staining of separate gels with Pauly and NBT stains ( Figure 1D , lanes 4 and 5, respectively) indicated that Nvjp-1 is both histidine-rich and mildly redox active. The nature of redox cycling in Nvjp-1 is not known, however, trace levels of 3,4-dihydroxyphenylalanine (DOPA) have been detected in intact jaws (unpublished data) and jaw hydrolysates. 12 Nvjp-1 was purified from jaw extracts by successive rounds of cation exchange FPLC and C8 RP-HPLC. Pauly staining was used to select FPLC fractions containing Nvjp-1 (not shown), which were pooled and concentrated prior to HPLC ( Figure 1C ). The amino acid composition of purified Nvjp-1 matched closely that of the insoluble material from the jaw tip (Table 1) , although histidine content was notably higher in the purified protein.
Nvjp-1 migrated as two bands of equal intensity on AU gels ( Figure 1D , lane 6, indicated by arrows), indicating either two low-pH charge states of Nvjp-1 or, alternatively, two distinct protein components with similar charges. Two components were also discernible on SDS gels (∼50 and ∼45 kDa), however, only the larger component appeared to be present in significant quantity ( Figure 1E ). Both bands were enriched in jaw tips and stained positive with Pauly stain (not shown). MALDI-TOF spectra of Nvjp-1 also revealed two components, major and minor, with m/z of ∼38 and ∼35 kDa, respectively (not shown). Disagreements between molecular weights as determined by SDS-PAGE and MALDI-TOF analyses are interesting but not surprising given the entirely empirical basis of SDS-PAGE.
A Nereis jaw pulp cDNA library was screened with PCR using primers based on sequences of peptides purified from Nvjp-1 digests. A degenerate primer for the sequence HHQLDGYEKD, in conjunction with a vector specific primer, successfully amplified a sequence corresponding to the Cterminus of Nvjp-1 (including the 3′ untranslated region and poly A tail). Additional sequence was obtained by means of a 5′ RACE strategy with nondegenerate primers to sequences obtained from the first round of screening.
The partial cDNA and deduced amino acid sequences of Nvjp-1 are presented in Figure 2 . Underlined residues indicate sequences that were later confirmed by Edman and/or ESI-MS/ MS sequencing of additional peptides from purified Nvjp-1. Two major size variants of Nvjp-1 were consistently detected in all cDNA preparations, consisting of the larger NVjp-1a and a potential truncation product, NVjp-1b. Alignment of sequences from all clones revealed an additional variant similar to NVjp1a (hereafter termed "NVjp-1a 1 and NVjp-1a 2 "), which consisted of the deletion of two GH repeats (residues [40] [41] [42] [43] and an insertion of one additional GYGGHG repeat (residues 83-88, based on the sequence of NVjp-1a 1 ). The combined frequencies of NVjp-1a 1 , NVjp-1b, and NVjp-1a 2 from all cDNA preparations were 0.56, 0.33, and 0.11, respectively. The predicted amino acid compositions of all variants were nearly identical to each other (not shown) and to that of purified Nvjp-1 (Table 1 , predicted cDNA sequence represents NVjp-1a 1 ). The range of predicted molecular weights of all three variants spans from ∼32 to ∼40 kDa. This is close to the observed mass of purified Nvjp-1 (∼35 to ∼38 kDa). It does suggest, however, that additional processing (e.g., post-translational additions and/or cleavage) is involved in Nvjp-1 maturation.
In theory, Edman sequencing should provide insight into any variants in protein preparations (i.e., residues from the N-termini of all components would be represented in Edman sequences of purified Nvjp-1). However, no sequence was obtainable from the intact Nvjp-1 preparation, suggesting that the termini might be blocked. We were also unable to obtain any unambiguous sequence information from peptides generated from the Nterminal half-of Nvjp-1. Most peptides could not be resolved by HPLC, presumably due to similarities in composition and size (as predicted from the cDNA sequence). Several mixed sequences were obtained that were high in Gly, His, and, notably, Asp residues (i.e., multiple peaks were present in each sequencing cycle). Based on the sequence predicted from the cDNA, such compositions are more likely to result from N-terminal peptides. Over 80% of the Asp occurs in this region, and all Asp-containing regions from the C-terminus were successfully identified in other peptides.
The solubility of rNvjp1 was assessed as a function of pH and ZnC 2 treatment. Both factors have been shown to effect structural transitions and the associated supramolecular assembly of various fiber-forming proteins and peptides. It is notable that rNvjp1 exhibited rather low solubility even under optimal conditions. Only ∼45% of the total protein remained in supernatants of extreme low and high pH samples following extensive centrifugation ( Figure 3A, diamonds) . Similar aggregation profiles were observed with alternative buffers, notably sodium and Tris-acetate between pH 5.0 and 9.0 and HEPES between 6.0 and 8.0 (not shown). The solubility of rNvjp1 was Deduced amino acid sequences of Nvjp-1 variants recovered from screening of Nereid jaw pulp cDNA. Asterisks represent conserved residues. Underlined sequences in Nvjp-1a1 were directly identified in peptides purified from Glu-C protease digests of Nvjp-1 (Edman and ESI-MS/MS sequencing). Confirmation of italicized residues is inferred from mass fingerprint analysis of peptide digests in conjunction with peptide sequencing. minimal between pH 6 and 6.5, consistent with its calculated isoelectric point (pI ) 6.5). Addition of a 20-fold molar excess of Zn 2+ had no apparent effect on solubility at low pH ( Figure  3A , squares). However, above pH 6.5, Zn 2+ treatment resulted in a complete and irrecoverable loss of rNvjp1 from solution. Figure 3B shows the effects of increasing Zn ion concentrations on rNvjp-1 solubility at pH 8.0. Zn 2+ induced significant rNvjp-1 aggregation even at low levels; about 80% of the protein was precipitated at a Zn/protein molar ratio of 10 and aggregation was only slightly increased at a Zn/protein ratio of 50 ( Figure 3B, diamonds) . As salt concentration has been shown to influence aggregation of various amyloidogenic proteins, [24] [25] [26] [27] we also examined rNvjp-1 solubility in HEPES buffer containing 100 mM NaCl. For both buffers, no significant differences in protein aggregation were observed at Zn/protein ratios g5 ( Figure 3B, squares) . However, rNjp-1 aggregation was slightly increased at a Zn/protein ratio of 1 in buffer with NaCl.
Atomic force microscopy was used to examine the morphologies of rNvjp-1 oligomers formed under various conditions (Figure 4) . Although most aggregates formed without Zn 2+ were amorphous, there were some differences between those formed with and without NaCl. In the absence of NaCl, protein aggregates were e1 nm in height with a slightly diffuse appearance and were broadly dispersed on the mica without any obvious clustering ( Figure 4A ). Aggregates formed in HEPES/NaCl were generally on the order of 3-6 nm in height with more sharply defined edges and were frequently absorbed in clusters or semicontinuous networks ( Figure 4C ). Treatment with ZnCl 2 dramatically altered the characteristics of rNvjp-1 aggregates. At Zn/protein ≈ 1, oligomers were no longer deposited in disperse fields but, instead, consisted of either spheroidal or slightly elongated structures in HEPES ( Figure  4B ) or, notably, extended fibers in HEPES/NaCl ( Figure 4D ). Similar shapes were observed at Zn/protein ratio ≈ 5; at higher ratios, all aggregates were amorphous (not shown). In HEPES, oligomers were approximately 4-5 nm high and 25-30 nm wide (width at half-height). Lengths of elongated species ranged from 60-80 nm. Some longer filaments (e.g., g100 nm) were observed without NaCl, although they were infrequent and not reproducible (not shown). Fibers formed in HEPES/NaCl were generally 200-300 nm in length with heights and widths of ∼1.5 and ∼25 nm, respectively. A few longer fibers (500-800 nm) were also observed ( Figure 4E ). Longer fibers were also generally wider (∼50-60 nm) and occasionally appeared to form helical or twisted structures. Figure 5 shows FTIR spectra for the amide I′ region of rNvjp-1 in deuterated phosphate-buffered saline. Prominent peaks at pD 5.5 were at 1645 cm -1 (∼40%), 1661 cm -1 (∼22%), and 1675 cm -1 (∼22%). Bands at 1645 cm -1 and 1675 cm -1 are generally assigned to random coil and turns/loops, respectively. 21, [28] [29] [30] [31] Peaks at 1661 cm -1 have been associated with both R-helices and extended turns. 21, 30 Smaller peaks associated with beta structure were observed at 1631 cm -1 and 1691 cm -1 (∼16% total). 21, 30 Significant differences in the amide I′ peak were observed in the pD 8 samples, notably, the complete loss of the random coil component (1645 cm -1 ), a slight increase in the band at 1675 cm -1 (∼27%), and the appearance of bands at 1615 cm , and 1696 cm -1 (∼7% total; Figure 5B ). These latter features are typically associated with -sheet. Additionally, the 1661 cm -1 band exhibited a frequency shift to 1651 cm -1 and increased in intensity (∼53%). A slight shift was also observed for the high frequency -sheet feature at 1685 cm -1 . The effect of pH on hydrodynamic properties of rNvjp-1 was probed by analytical ultracentrifugation. The major rNvjp-1 species in solution at pH 5.5 was monomeric with a sedimentation coefficient of ∼2.3 S (Figure 6A, top) . A small amount of larger material (∼4 S) was detected as well as an additional slower-sedimenting species at ∼1.4 s. At pH 8, over 80% of the protein sedimented within 5 min at 3000 rpm (not shown), indicating that most of the protein was associated with high order oligomers (>10000 S). The sedimentation profile for the remaining protein indicated multiple species with sedimentation coefficients ranging from ∼0.5-3 S, with a major component at 1.4 S (Figure 6A, middle) . This trend toward lower sedimentation coefficients suggested either (i) significant fragmentation of rNvjp-1 at high pH or (ii) high pH induced a significant change in molecular shape, notably a trend toward higher axial ratios (Figure 7) . No fragmentation of rNvjp-1 was indicated by SDS-PAGE or ESI-mass spectrometry ( Figure  6B,C) . The pH 8 data were also fit using an alternative sedimentation model which allows for nonuniform distributions in molecular shape. This model predicted that the predominant peaks at 1.4 and 1.8 S were intact monomeric Nvjp-1 with frictional ratios of ∼2.9 and ∼1.6, respectively.
Discussion
We have described the isolation, molecular cloning, and partial characterization of the histidine-rich protein Nvjp-1 from the jaws of Nereis Virens. Based on its distribution and abundance, we propose that Nvjp-1 is the primary structural component of the jaw tip. Both acid-urea and SDS-PAGE of jaw extracts indicate that Nvjp-1 is localized throughout the jaw but is enriched in the harder and stiffer distal end. Given the loss of immunoreactivity in structural proteins following sclerotization, the histidine-rich amino acid composition was used to confirm Nvjp-1 content in the sclerotized jaw. [32] [33] [34] Amino acid profiles of both soluble and insoluble fractions from the jaw tip are nearly identical and are comparable to purified Figure 5 . ATR-FTIR of rNvjp-1. Amide I′ regions of rNvjp-1 in deuterated 50 mM sodium phosphate/100 mM NaCl at (A) pD 5.5 and (B) pD 8. The components of each amide I′ peak were determined by deconvolution using peak centers determined from second derivative spectra. The resulting spectra calculated for the deconvoluted peaks are represented by dotted red lines (these essentially overlap with the experimental spectra; r 2 > 0.999 for each sample). Nvjp-1, although histidine content is somewhat lower in the insoluble material. This discrepancy may be indicative of additional proteins with low histidine content which could offset histidine recovery in insoluble material. Notably, comparison of purified Nvjp-1 and insoluble material from the tip using a Spearman's rank test indicated a strong correlation between the two amino acid compositions (Rs ) 0.9). Additional proteins are likely to be present in the tip; however, the similarity in overall amino acid composition between soluble and insoluble fractions suggests that their contribution to the structural matrix is relatively low. An alternative explanation is that the protein comprising the insoluble material, although derived from Nvjp-1, may contain more post-translational modifications than that of the extractable fraction. Significant histidine and tyrosine modification has been reported for Nereis jaws. 12 Such modifications make accurate histidine quantitation difficult and could themselves hinder protein extraction.
Molecular cloning revealed at least two Nvjp-1 cDNAs, which varied in the presence of two short Gly/His-rich peptide repeats. The difference masses predicted from cDNA of the two variants was similar to the mass difference observed between the major and the minor components in the extract, and Pauly staining confirmed that both components have significant histidine content. An additional truncation variant was also consistently observed (frequency ) 0.33, n ) 18 individual clones), although without additional N-terminal sequence we cannot rule this out as a cloning artifact. Despite extensive screening, including multiple cDNA preparations and 5′ RACE strategies, the full N-terminal sequence of Nvjp-1 remains incomplete at this time. Previous reports have described similar difficulties with GCrich templates. [35] [36] [37] However, given the size of the purified protein and recovered cDNA, only the signal peptide is expected to be missing. As cDNA was generated from pooled worms it is also possible that the variation represents Nvjp-1 polymorphism within the population rather than distinct proteins within an individual. Thus, although there is some evidence for them, the presence of multiple Nvjp-1 variants in the jaw at this point remains hypothetical.
Nvjp-1 joins a growing list of proteins and peptides which form amyloid-like fibers in vitro. Historically, the tendency toward fibrillization was thought to be an exceptional property of proteins, such as R-synuclein, -amyloid, PrP, and so on, typically associated with the various neurodegenerative amyloidoses (reviewed in ref 38) . Recent focus has shifted, however, to diverse proteins for which fiber formation appears to be completely unlinked to disease (reviewed in ref 39) . Furthermore, it has been hypothesized that amyloidogenicity may be an inherent property of all polypeptides given appropriate conditions. Aggregates are generally classified as amyloid if they (i) fulfill tinctoral requirements (e.g., bind 'specific′ dyes such as thioflavin T or S or exhibit birefringence with Congo Red staining), (ii) have significant cross--sheet content, and (iii) exhibit fibrillar morphology. 40 Nvjp-1 fibers satisfy the final criterion. FTIR data indicate a slight increase in -sheet content in rNvjp-1 at pH 8. Structural characterization in Zn-induced fibers was not possible due to their insolubility. Corroboration of secondary structure in soluble rNvjp-1 by alternative methods (Raman and CD spectroscopy) was attempted but the results were inconclusive (not shown). Additionally, Zn-induced aggregate exhibited moderate congophilicity, however, we were unable to resolve fibers from amorphous aggregate (i.e., both were birefringent). Based on these data, rNvjp-1 fibers can be described as "amyloid-like", although further experiments are necessary for definitive classification. Although fibrillization may not be predictive of function (or dysfunction), there are multiple cases in which a physiological role for amyloid formation has been demonstrated. [41] [42] [43] [44] [45] [46] [47] This is also likely the case for Nvjp-1 as the structural architecture in the jaw strongly suggests that component proteins are fibrous. The dependence of fiber formation on pH and metal coordination is reasonable considering that (i) Nvjp-1 likely experiences a similar pH shift as it progresses from intracellular vesicles (pH < 6) to the extracellular milieu (pH of seawater is ∼8) and (ii) Zn ions are readily available in the jaw and associated pulp. It is noteworthy that in vitro fiber formation only occurred at low Zn/protein ratios (≈1 and 5), with amorphous aggregate at higher stoichiometries. It is unknown whether assembly in vivo is similarly limited. Even if Nvjp-1 were the sole organic component in the jaw tip, where Zn content can exceed 10% (wt/wt), there would be at least a 60-fold molar excess of Zn to protein. Given additional matrix proteins and halogen content in the tip this value is undoubtedly a gross underestimation of the actual ratio. Nothing is known about fiber assembly in vivo, though it is likely to be tightly regulated given the need for spatial control of protein deposition and to minimize potential toxicity from unrestrained aggregation.
Amyloid formation is believed to occur by a nucleationdependent mechanism and generally follows significant conversion of secondary structure. [48] [49] [50] Factors such as pH, ionic strength, and metal coordination have been shown to influence fiber formation and morphology. 24, 27, [51] [52] [53] [54] [55] Based on our data we can reasonably predict that similar features are involved in Nvjp-1 fibrillization. FTIR data suggest that transition from low to high pH is accompanied by the complete loss of random coil and a modest increase in -sheet, including low frequency bands (1610-1630 cm -1 ) typically associated with amyloid. 31 The band observed at 1661 cm -1 at low pD has been variably assigned R-helices and extended turns. This band shifts to 1651 cm -1 at pD 8. Shifts toward lower frequencies are commonly attributed to increased hydrogen bonding. This suggests that, if the low pD component does represent helices, transition to high pD may lead to helical packing.
Although fiber formation was completely dependent on metal coordination, sedimentation velocity data suggested that Nvjp-1 undergoes a significant change in hydrodynamic properties with transition to high pH in the absence of metals. The predominant component at pH 5.5 (2.3 S) had a calculated frictional ratio (f/f o ) of ∼1.6, corresponding to a monomer with an ellipsoid axial ratio of ∼8-9. The sedimentation profile at pH 8 was more complex, with multiple peaks of lower sedimentation coefficients, notably ∼1.4 and ∼1.8 S. The reduction in S from 2.3 to 1.4-1.8 suggests that monomer becomes significantly elongated at high pH. This interpretation is supported by direct characterization, notably SDS-PAGE and ESI mass spectrometry, and by modeling of the sedimentation data. Furthermore, this suggests that the rNvjp-1 monomer is able to adopt multiple conformations at pH 8. To appear as distinct species by sedimentation, the different forms must be meta-stable on the order of at least 10s of minutes (i.e., all equilibria are slow).
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Conclusions
Nvjp-1 at the jaw tip has radically different mechanical properties from the typical "molten globule" precursors that are stockpiled in the granules of secretory cells. Although specific steps in the cellular processing of Nvjp-1 remain unknown, it is clear from our work that pH, ionic strength, and Zn ions provide effective switches for transforming the soluble precursor
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Biomacromolecules, Vol. 9, No. 6, 2008 1675 into an asymmetric self-assembling building block. It is probable that similar switches can be designed to trigger synthetic polyimidazoles to form high performance materials.
